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ABSTRACT: Here we report ultraviolet (UV)-pumped
white-light-emitting diodes (WLEDs) with sunlike full
spectrum emissions, by using a commercially available blue
phosphor (BaMgAl10O17:Eu

2+) and a series of broadband
zero-dimensional (0D) organic metal halide hybrids as down
conversion phosphors. By controlling the blend ratio of
phosphors, we have achieved high-quality WLEDs with
excellent general color rendering index (CRI Ra) of up to
99 and deep-red rendering index (R9) of up to 99. These
WLEDs exhibiting white emissions with correlated color
temperatures (CCTs) ranging from 3000 to 6000 K perfectly mimic sunlight at different times of day.
KEYWORDS: white LED, organic metal halide hybrid, down conversion phosphor, high color rendering index, solid-state lighting

The lighting industry has changed significantly over the
past decade with light-emitting-diode (LED) technology

becoming the mainstream for its long lifetime, low carbon
emission, and high efficiency. To date, there are mainly two
approaches for LEDs to achieve white-light emission.1 The first
approach, combining red, green, and blue LEDs, is not well-
adapted commercially, as it suffers from cumbersome
fabrication, power-dependent spectral variation, thermal
instability, and differential aging-induced chromatic instability.1

The second approach, which can be subdivided into two
categories, partial conversion and full conversion,2 involves the
use of a blue or UV-LED and a phosphor layer to convert short
wavelength light into longer ones to produce white light. This
down conversion approach has been widely used for
commercial white LEDs (WLEDs), because of the ease of
manufacturing as well as thermal and flux independent
chromatic stability. However, blue LED based WLEDs often
have poor color rendering due to spectral discontinuity and
have also been found to cause damage to retinal photo-
receptors that mediate the circadian rhythm in mammals.3

To fabricate WLEDs with excellent color rendering, the full
conversion method, using a UV-LED with multiple phosphors,
is an effective approach. Several groups have reported UV
pumped WLEDs with ultrahigh CRI of more than 95, by
employing multiple phosphors4−6 and semiconductor quantum
dots (QDs).7,8 Despite suffering from fundamental losses due
to quantum deficit,9 UV pumped WLEDs are preferred for
high CRI applications over blue LED pumped WLEDs,
because of their good chromatic stability and easy color

tunability.10 However, most down-conversion phosphors
developed to date, including rare earth and transition metal
doped/activated phosphors,11−16 semiconductor QDs,17−22

organic dyes23,24 and more recently halide perovskite nano-
crystals,25−29 suffer from nonideal photoluminescence quan-
tum efficiency (PLQE), strong reabsorption losses, expensive
and time-consuming synthesis, as well as material toxicities, for
instance, Cd based QDs and Pb based halide perovskite
nanocrystals. To overcome losses from reabsorption of emitted
light, multiple approaches have been proposed including co-
doping of luminescent activators into a single phosphor,30

using giant core−shell QDs31 and core−multishell semi-
conductor QDs32,33 as well as doping core−shell QDs to
obtain large Stokes shift.34 However, dopant-concentration-
dependent energy transfer between dopant ions was prevalent
for triply codoped phosphors.30

An ideal down-converter, as defined by Smet et al., should
have near-unity PLQE, excitation overlapping with the
emission of the pumping LED, and excellent thermal and
photostability in addition to enabling good color rendering.9

Our group recently reported a series of zero-dimensional (0D)
organic metal halide hybrids exhibiting strongly Stokes-shifted
broadband emission with near-unity PLQEs.35−37 With the
photoactive metal halide species periodically doped within the
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organic network, a large Stokes shift was observed because of
excited-state structural reorganization. There was an effort to
make UV pumped WLEDs by combining a yellow emitting 0D
organic metal halide hybrid (C4N2H14Br)4SnBrxI6−x (x = 3)
with a commercially available blue phosphor BaMgA-
l10O17:Eu

2+ (BAM:Eu2+), but the highest CRI was limited to
85.36 Recently, a green emitting 0D organic metal halide
hybrid was reported with a similar, albeit smaller, Stokes
shift.38 Because of their inert nature, the earth abundance of
raw materials, and the facile synthesis at room temperature,
these new phosphors have the potential to provide a nontoxic,
high-stability, and lower-cost solution, outperforming commer-
cial rare-earth-doped inorganic phosphors and heavy-metal
based QDs.
Here we report a series of UV-pumped WLEDs, in which

BAM:Eu2+ is used as a blue phosphor, and a series of 0D
org an i c me t a l h a l i d e hyb r i d s , (Ph 4P) 2MnBr 4 ,
(C4N2H14Br)4SnBr6, and (Ph4P)2SbCl5, as green, yellow, and
red phosphors, respectively. These WLEDs can produce full
spectrum white light that approximates halogen or incandes-
cent lighting and natural daylight, with extremely high CRIs of
up to 99, excellent deep-red color rendering, R9s of up to 99,
and superior color quality scale (CQS) values. By carefully
controlling the phosphor blend ratios, white emissions with
different correlated color temperatures (CCTs), ranging from
3000 to 6000 K, have been demonstrated, which perfectly
mimic sunlight at different times of day. The thermal and
current stability of the CCT and Commission Internationale
de l’Eclairage (CIE) chromaticity coordinates of the devices
have also been investigated.
(C4N2H14Br)4SnBr6 and (Ph4P)2SbCl5 were synthesized

following the previously reported procedures.35,37

(Ph4P)2MnBr4 crystals were prepared via a modified
procedure, by diffusing (C2H5)2O into a 2:1 ratio solution of

Ph4PBr and MnBr2 in dimethylformamide (DMF) overnight.
This procedure gave a higher product yield and produced
larger crystals compared to the previously reported method by
Xu et al.38 As can be gathered from the crystal structures,
Figure 1a−c, 0D organic metal halide hybrids differ from their
higher dimensional counterparts because the photoactive
polyhedra are completely isolated from each other by the
bulky wide bandgap organic cations, thereby inhibiting
electronic band formation between luminescent centers. This
arrangement allows 0D organic metal halide hybrids to display
the intrinsic properties of individual metal halide polyhedra in
the bulk crystal with a near-unity PLQE. Moreover, because of
molecular excited-state structural reorganization, broad emis-
sion and large Stokes shift are characteristic of this class of
materials. Additionally, the organic cations also function as
shells to the photoactive metal halide cores, providing stability
against moisture and oxidizing agents.
The photophysical properties of the four phosphors, blue-

emitting BAM:Eu2+, green-emitting (Ph4P)2MnBr4, yellow-
emitting (C4N2H14Br)4SnBr6, and red-emitting (Ph4P)2SbCl5,
were characterized using steady-state photoluminescence and
UV−vis absorption spectroscopy. The results are summarized
in Table S1. The 0D organic metal halide hybrids generally
show broad emissions, as illustrated in Figure 1d, with
calculated full width at half-maximum (fwhm) of 48 nm
(0.22 eV), 108 nm (0.43 eV), and 118 nm (0.36 eV) for
(Ph4P)2MnBr4, (C4N2H14Br)4SnBr6, and (Ph4P)2SbCl5, re-
spectively. These broadband emissions have clear advantages
over narrow emissions from QDs and typical 3D metal halide
perovskites for the realization of full spectrum white emission.
Moreover, as shown in Figure 1d, the excitation spectra of all
four phosphors peak at similar short wavelengths between 330
and 370 nm. The absorption spectra of three of the four
phosphors also never extend into the visible range beyond 400

Figure 1. View of individual (a) MnBr4
2− tetrahedron surrounded by Ph4P

+cations, (b) SnBr6
4− octahedra surrounded by C4N2H14Br

+ cations,
and (c) SbCl5

2− pyramid surrounded by Ph4P
+cations (green, yellow, and red polyhedra: MnBr4

2− tetrahedron, SnBr6
4− octahedra, and SbCl5

2−

pyramid; orange spheres: Br− ions; green spheres: Cl− ions; purple spheres: phosphorus atoms; blue spheres: nitrogen atoms; brown spheres:
carbon atoms); (d) excitation (dashed lines) and emission (solid lines) of phosphors; (e) 0D hybrid crystals in polydimethylsiloxane (PDMS) gel
under ambient light and under UV irradiation.
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nm, as depicted in Figure S1. Only (Ph4P)2MnBr4 displays
three different absorption peaks at 300 nm, 350 and 460 nm
due to energy splitting of the 4T1 excited state of the Mn(II)
ion.18 However, the absorption coefficient at 460 nm is
miniscule resulting in a negligible reabsorption of blue
emission. The Stokes shifts were calculated to be 115 nm
(0.84 eV), 52 nm (0.27 eV), 205 nm (1.28 eV), and 283 nm
(1.56 eV) for BAM:Eu2+, (Ph4P)2MnBr4, (C4N2H14Br)4SnBr6
and (Ph4P)2SbCl5, respectively. These large Stokes shifts are
instrumental in fabricating WLEDs with little-to-no efficiency
loss from reabsorption of emitted light. The PLQEs of the
commercial blue phosphor BAM:Eu2+, and 0D organic metal
halide hybrid crystals (Ph4P)2MnBr4, (C4N2H14Br)4SnBr6 and
(Ph4P)2SbCl5 were reported to be as high as 93%, 97%, 95%,
and 87%, respectively.35,37−39 These results indicate that the
0D organic metal halide hybrids possess broad emissions,
strong excitation in the UV region, large Stokes shifts and high
PLQEs suitable for application in high color rendering, full-
spectrum UV pumped efficient WLEDs with negligible
reabsorption losses.
To fabricate optically pumped WLEDs, we first investigated

ways of embedding phosphors into polymer matrices to
prepare phosphor−polymer composites. The typical procedure
involved grinding single-crystal phosphors into fine powders,
encapsulating ground phosphors in an inert polymer matrix,
and attaching the phosphor−polymer composite to a
commercial UV-LED. Two routes were explored to reduce
single crystals to powders: hand grinding using mortar and
pestle and planetary ball milling. Although particle sizes of
approximately 300 nm were obtained through planetary ball-
milling, the PLQEs were significantly reduced compared to
those of the single crystals, as illustrated in Figure S2. This is
likely because the larger surface area to volume ratio of ball-
milled powders leads to increased oxidation and moisture
adsorption. The largest PLQE reduction was observed for
(C4N2H14Br)4SnBr6, most likely because of the oxidation of
Sn2+ to Sn4+. Despite producing larger size particles, hand
ground phosphors maintained reasonable PLQEs and thus
were employed in phosphor-polymer composite preparation
and device fabrication. Silicone and epoxy are the most widely
used polymer matrices for phosphor encapsulation. The EI-
1184 polydimethylsiloxane (PDMS) was found to possess all
the desirable qualities of an inert polymer matrix such as
transparency in the UV−visible light spectrum, inertness and
stability under various operating conditions, and thus was
chosen as an encapsulant. Another silicone variant, Sylgard-184
PDMS, led to significant PLQE reduction due to the
interaction between the platinum-based catalyst and 0D
organic metal halide hybrids during Pt-catalyzed hydro-
silylation of PDMS. A proprietary epoxy resin, EPO-TEK
305, was also found to considerably quench emission from the
0D organic metal halide hybrids. Figure 1e shows a photo of
phosphor doped PDMS polymer composites under ambient
light and UV irradiation. The colorless phosphor-polymer
composites under ambient light are consistent with the little-
to-no absorption of these phosphors in the visible region. The
strong photoluminescence of the composites under UV
irradiation matches perfectly with that of single crystals.
As discussed above, color rendering is one of the most

crucial figures of merit for WLEDs and has been the topic of
several studies. To produce white light with optimum color
rendering and tunable CCT, we performed color mixing
simulations. This was accomplished by first fabricating

monochromatic LEDs and then combining the spectra to
yield ultrahigh color rendering white light. Employing the
Osram-Sylvania Color Calculator software, color rendering
values, CRI and CQS, were optimized for four different CCT
values, 3000, 4000, 5000, and 6000 K. These CCT values were
chosen because they represent the range of color temperatures
typical in solid-state lighting applications, from warm white
(3000 K) for residential lighting to cold white (6000 K) for
commercial and industrial venues. The simulation results,
given in the Table S2, revealed that ultrahigh color rendering,
CRI and CQS in the range of 98−99, could be achieved.
However, of the recommended 14 reflective test-color samples,
CRIs of only the first eight, R1−R8, are used to calculate the
general CRI (Ra) value.40 And neglecting the R9 value, the
quantity representing the deep-red color rendering, can yield a
high Ra white light with inaccurate rendering of deep-red
regions. R9 values of commercial WLEDs are usually limited to
below 30 and reports of high R9 values are very rare. The
simulation carried out, however, produced R9 values as high as
99. Color rendering values of this magnitude are seldom
reported in the literature. Even more significant, the color
rendering is relatively insensitive to variations in CCT. This
indicates that WLEDs based on these phosphors can be used
for high color rendering applications in any arena, be it
residential or industrial. In contrast, the most typical
commercial white LED based on YAG:Ce3+ phosphor has
poor color rendering at lower CCTs, Ra of 70, and little
flexibility in CCT tuning.41

The simulation results showed weight ratios of 1:2.7:3.6:9,
1:3:4.5:3.5, 1:3.3:4:3, and 1:2.5:3:2 for BAM:Eu2+:
(Ph4P)2MnBr4:(C4N2H14Br)4SnBr6:(Ph4P)2SbCl5, would
yield 3000, 4000, 5000, and 6000 K CCT white light,
respectively. The phosphors were then carefully blended
according to the simulation results and encapsulated in
PDMS to produce the white-light-emitting phosphor-polymer
composites. By directly attaching these phosphor layers to an
Opulent 365 nm UV-LED, we were able to fabricate WLEDs.
Emission spectra of the devices were collected under forward
bias current of 20 mA using a Keithley 2400 source-meter and
an Ocean Optics USB4000 spectrometer. The photometry
values, summarized in Table 1, were calculated from the

emission spectra using the Osram-Sylvania color calculator
software. These experimental results confirm the ultrahigh
color rendering that can be achieved, as evidenced by the Ra,
CQS, and R9 values. Moreover, this excellent color rendering
was maintained across widely varying CCTs making these
devices viable for a wide range of solid-state lighting
applications. The comparison between experimental results
and simulated and blackbody radiator spectra at corresponding
color temperatures reveals the uncanny similarity in both shape
and breadth, as shown in Figure 2a−d. And thus, the excellent
color rendering property of white emissions from these
prototype devices stems from their exceptional resemblance

Table 1. Prototype Device Photometry Characterization
Results

CCT CRI (Ra) CQS R9 CIE (x, y)

2982 K 92 96 81 (0.4218, 0.3710)
4028 K 99 99 99 (0.3782, 0.3722)
5061 K 93 97 73 (0.3426, 0.3406)
5850 K 98 97 94 (0.3251, 0.3317)
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to emission from a blackbody radiator. Calculated CIE
coordinates of the devices, as shown in Figure 2e, are also

almost in-line with the Planckian locus, reaffirming that these
devices perfectly mimic the emission of a blackbody radiator.

Figure 2. Emission spectra of prototype devices, simulated white light, and blackbody radiators at (a) 3000, (b) 4000, (c) 5000, and (d) 6000 K
CCT; (e) CIE 1931 diagram showing the chromaticity points of prototype devices; inset, CIE coordinates of devices lie on or close to the
Planckian locus; (f) CRI comparison between the champion 4000 K device and a YAG:Ce3+-based commercial white LED.42.

Figure 3. (a) Electroluminescence under varying forward bias current from 10 to 20 mA; (b) electroluminescence of devices after aging at 85 °C
for 0 to 96 h; (c) emission spectrum of the prototype device used for efficiency measurement; inset: prototype device under operation; (d) voltage
versus brightness and luminous efficiency of prototype device.
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Our champion device, labeled 4000 K, has Ra, CQS, and R9 of
99 at a CCT of 4028 K. Figure 2f illustrates the CRI
comparison between the champion 4000 K device and a
YAG:Ce3+ based commercial WLED. To the best of our
knowledge, WLEDs exhibiting such high Ra, CQS and R9 with
such precise control and tunability of CCT have not been
reported yet.
Thermal stability of the phosphors was investigated using a

temperature controller fitted spectrophotometer. The results,
shown in Figure S3a−d, were collected in the forward
direction, by first increasing the temperature to 80 °C at 20
°C steps and in the reverse direction, by decreasing the
temperature back to 20 °C at 20 °C steps. Except for
(C4N2H14Br)4SnBr6, the results show similar trends of slight
decrease in photoluminescence intensity upon increasing the
temperature. The highest intensity loss was recorded for
(Ph4P)2SbCl5 at 80 °C, retaining about 62% of the room
temperature photoluminescence intensity. Moreover, a slight
blue-shifting of the emission peak was also observed. This is
likely because of temperature induced bond stretching
resulting in smaller Stokes shift than the one observed at
room temperature. The commercial blue phosphor BAM:Eu2+

and the green emitting (Ph4P)2MnBr4 retained 90% and 92%
of their initial room temperature photoluminescence intensity,
respectively. This is not surprising because the BAM:Eu2+

phosphor only experiences significant oxidation induced
thermal degradation for temperatures above 500 °C.43 The
emission from (C4N2H14Br)4SnBr6, however, showed an
increase in intensity with increasing temperature. This anomaly
was addressed by Zhou et al. as arising from increased
absorption at higher temperatures.35 Measurement in the
reverse direction showed excellent recovery of photolumines-
cence intensity for all phosphors.
Stability of the white light emission under variation of

forward bias current was also investigated. In this experiment,
the emission of a test device was recorded for the forward bias
current range of 10 to 20 mA with 1 mA step. The result of this
experiment, illustrated in Figure 3a, shows that the shape of the
spectrum does not experience any significant changes. The
CRI (Ra) of the device increased from 94 at 10 mA to 96 at 20
mA. A slight shift in CIE coordinates was also observed going
from (0.3264, 0.3395) at 10 mA to (0.3354, 0.3506) at 20 mA,
as depicted in the Figure S4a. Nonetheless, a linear increase in
irradiance with increasing current was observed without
significant effect on the photometric characteristics of the
white light generated. Because of the heat generated by the
pump LED, we also found it necessary to test the chromatic
stability of the phosphor layer under thermal strain. A batch of
devices were fabricated and aged at 85 °C for 24, 48, 72, and
96 h under ambient atmosphere. The white emissions from
these layers, illustrated in Figure 3b, were normalized by the
intensities of the blue peak at 450 nm, because, as discussed
above, the commercial blue phosphor has a thermally robust
emission. The CIE chromaticity coordinate was shifted from
(0.3254, 0.3448) before aging to (0.3195, 0.3423) after 96 h in
the oven at 85 °C, as illustrated in Figure S4b. The largest
coordinate shift was −0.0059, well within the industry standard
of Δ ± 0.01.44

The efficiency of a model WLED, electroluminescence
spectrum shown in Figure 3c, with 5217 K CCT, 99 CRI (Ra)
and 96 R9 was studied. The device was operated under
forward bias current of up to 105 mA using a Keithley 2400
source-meter. The resulting optical power and photocurrent

were measured using a Newport 818-UV photodetector and a
Newport multifunction optical meter. To eliminate contribu-
tions to photocurrent from the pump UV-LED, we used an
Edmund Optics deep-dyed polyethylene terephthalate (PET)
UV filter. Only emission in the forward direction was collected
during this measurement. As can be seen from Figure 3d,
brightness values of up to 1935 cd m−2 and luminous efficiency
of up to 9.73 lm W−1 were obtained. Moreover, further
calculation showed an external quantum efficiency (EQE) of
5.7% and current efficiency of 9 cd A−1, as depicted in the
Figure S5. However, emission in the forward direction
accounts for approximately one-fourth of the total out-coupled
optical power because of strong waveguiding.45 Thus,
measurement of the luminous efficiency in an integrating
sphere would likely yield values up to 40 lm W−1. Additionally,
further refinement in processing would most likely improve the
present efficiency values. Particularly, solving the particle size
reduction and inert encapsulation problems would probably
lead to a significant increase in device efficiency.
In summary, we have demonstrated the use of a series of 0D

organic metal halide hybrids together with a commercially
available blue phosphor BAM:Eu2+ for the fabrication of
sunlike full spectrum WLEDs with near perfect CRI values.
These 0D organic metal halide hybrids made of earth-
abundant elements possess numerous features desired for
application as down conversion phosphors, including facile
synthesis, near-unity PLQE, broadband emission, and large
Stokes shift. To the best of our knowledge, our prototype
WLEDs, consisting of a polymer film doped with multiple
phosphors and a 365 nm UV-LED, have achieved the best
white light quality reported to date in the literature. These
devices also show great thermal and power spectral stability as
well as excellent CCT tunability from warm white (3000 K) to
cold white (6000 K), while maintaining both high CRI (Ra)
and R9 values. Our work opens up a new route toward next-
generation solid-state lighting devices with superior color
quality.
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